Vaccinia virus (VV) produces two antigenically distinct infectious virions, intracellular mature virus (IMV) and extracellular enveloped virus (EEV). Structurally, EEV consists of an IMV with an additional outer membrane containing proteins that are absent from IMV. EEV is important for virus dissemination both in vitro and in vivo. Studies of EEV entry have been hampered by having two infectious virions and by the rupture of the EEV outer membrane in the majority of EEV virions during their purification. To overcome these problems, we have developed a novel approach to study VV entry that is based on confocal microscopy and does not require EEV purification. This assay relies on immunofluorescent staining and detection of individual, intracellular,
Introduction
Entry of enveloped viruses requires the fusion of their envelope with a cellular membrane. The fusion is mediated by viral envelope proteins and can be categorized by the optimal pH required. Viruses which enter the cell in a pH-independent manner (neutral pH) fuse at the plasma membrane or eventually after being internalized within endosomes. In contrast, viruses that enter the cell in a low-pH-dependent manner fuse only after internalization and exposure to an acidic environment (Marsh, 1984) .
Vaccinia virus (VV) is the prototype of the poxvirus family. The study of VV entry has been complicated by the fact that there are two morphologically distinct infectious virions, termed intracellular mature virus (IMV) and extracellular enveloped virus (EEV) (Appleyard et al., 1971 ; Ichihashi et al., 1971) . Early studies described only one IMV membrane (Dales & Mosbach, 1968) , but more recently IMV was reported to consist of a core surrounded by two membranes, derived from the intermediate compartment, that are so tightly apposed that only one membrane is visible after normal treatments (Sodeik Author for correspondence : Geoffrey L. Smith.
Fax j44 1865 275501. e-mail glsmith!molbiol.ox.ac.uk uncoated virus cores. By this method, we show that EEV entry, in contrast to IMV, is dependent on a lowpH pathway and that the IMV enwrapped inside the EEV exhibits a low-pH fusogenic activity. Together with neutralization data demonstrating that exposure to low pH disrupts the EEV outer membrane, this study strongly supports a model for EEV entry which consists of binding, endocytosis, low-pHinduced disruption of the EEV outer membrane and fusion of the exposed IMV with the endosomal membrane releasing the core into the cytosol. The roles of the EEV outer membrane in virus dissemination and virus entry are discussed in relation to this model. et al., 1993) . An alternative view is that IMV does have only one membrane (Dales & Mosbach, 1968) , and given the importance of this question for the mechanism of IMV and EEV entry, further investigation is merited.
IMV represents the majority of infectious progeny and remains within the cytoplasm until cell lysis. However, a fraction of IMV becomes further enveloped by a double membrane derived from the early tubular endosomes (Tooze et al., 1993) or trans-Golgi network (Schmelz et al., 1994) to form intracellular enveloped virus (IEV). Some IEV is propelled by polymerization of actin comets to the cell surface (Cudmore et al., 1995) , where the outermost membrane fuses with the plasma membrane releasing an enveloped virus (EEV) from the cell. With most strains of VV [International Health Department-J (IHD-J) strain is an exception] much of the EEV remains attached to the cell surface and is termed cell-associated enveloped virus (CEV) (Blasco & Moss, 1992) . EEV is the form of the virus which is important for virus dissemination both in vitro and in vivo (Appleyard et al., 1971 ; Boulter & Appleyard, 1973 ; Payne, 1980 ; Payne & Kristensson, 1985) . At least 10 proteins which are absent from IMV are associated with the outer envelope of EEV (Payne, 1978 (Payne, , 1979 and six VV genes are known to encode some of these proteins (for review see Smith & Vanderplasschen, 1998) . These proteins endow EEV with different biological and immunological properties (Appleyard et al., 1971 ; Turner & Squires, 1971 ; Boulter & Appleyard, 1973) .
Recently, it was demonstrated that EEV and IMV bind to distinct receptors and that EEV but not IMV is resistant to neutralization by antibodies (Ichihashi, 1996 ; . The EEV outer membrane is an extremely fragile structure (Roos et al., 1996) which is damaged by virus purification (Ichihashi, 1996 ; , but once it is ruptured, the particle retains full infectivity as an IMV (McIntosh & Smith, 1996 ; Wolffe et al., 1997) . Consequently, the mechanism of penetration of intact EEV may be different from that of damaged EEV having IMV proteins exposed on its surface (Ichihashi, 1996 ; . Therefore, binding and penetration studies should not be performed using purified EEV.
Both morphological and biochemical approaches show that IMV enters the cell by fusion in a pH-independent manner at the plasma membrane (Chang & Metz, 1976 ; Janeczko et al., 1987 ; Doms et al., 1990) . Studies using purified EEV suggested that EEV also enters by fusion with the plasma membrane (Payne & Norrby, 1978 ; Doms et al., 1990) . This mechanism generates a topological problem because fusion will release an IMV into the cytoplasm. To address this problem, Ichihashi (1996) proposed a model for EEV entry based on plaque assays made with fresh intact EEV. In this model, EEV entry consists of binding to the cell, endocytosis, disruption of the EEV outer membrane within an acidified endosome, fusion of the exposed IMV with the endosomal membrane and release of the core into the cytoplasm. An important observation in this study was that the IMV within an EEV membrane is somehow activated in comparison with most virions of a purified IMV preparation, so enabling rapid fusion with a cellular membrane when exposed to low pH.
Here, we have developed a novel penetration assay based on confocal microscopy. This assay does not require purified or labelled virus, provides absolute numbers of virus cores per cell, gives steric information concerning the position of cores and allows the dissection of the replication cycle by investigating only entry. This method is used to show that EEV entry, in contrast to IMV, is dependent on low pH and that the IMV enwrapped in the EEV exhibits a low-pH fusogenic activity. Together with neutralization data demonstrating that a lowpH environment induces the disruption of the EEV outer membrane, this study strongly supports the model of Ichihashi for EEV entry. The roles of the EEV outer membrane in virus dissemination and entry are discussed in relation to this model.
Methods
Cells and virus. RK "$ cells were grown in minimum essential medium (MEM) (Gibco) containing 10 % heat inactivated foetal bovine serum (HFBS). The IHD-J VV strain was used throughout. Fresh EEV, purified EEV and IMV were prepared as described previously . Briefly, for fresh EEV, cells were infected at 1 p.f.u. per cell, the culture supernatant was harvested 24 h post-infection (p.i.) and clarified by centrifugation. After appropriate dilution, any contaminating IMV infectivity was neutralized by addition of monoclonal antibody (MAb) 5B4\2F2 (final dilution of 1\2560) against the 14 kDa fusion protein (A27L gene product) of IMV (Czerny & Mahnel, 1990) . In the conditions used in this study, MAb 5B4\2F2 neutralized 93 % of purified IMV. A fresh EEV preparation was produced for each experiment and, except where stated otherwise, MAb 5B4\2F2 was added to these EEV samples. The purified EEV preparation used was shown to contain 96 % EEV by immunostaining of individual particles . After storage at k70 mC for 18 months and sonication at 40 µm for 90 s, 83 % of its infectivity was neutralized by MAb 5B4\2F2, indicating that most of the EEV virions had a damaged outer membrane.
MAbs and rabbit antiserum. Murine MAb AB1.1 (α-D8L) (Parkinson & Smith, 1994) and rat MAb 19C2 (α-B5R) (Schmelz et al., 1994) were raised against the D8L and B5R surface proteins of IMV and EEV, respectively. A rabbit antiserum, hereafter called anti-core (α-core), was raised against VV cores isolated as described (Cudmore et al., 1996) and fixed with 0n5 % glutaraldehyde in 10 mM Tris-HCl, pH 9. This serum recognizes the core proteins encoded by genes A10L, A3L, F18R, L4R and A4L and was kindly provided by Gareth Griffiths (EMBL, Germany).
Core isolation by NP40 and/or DTT treatment. Cores were prepared from purified IMV by treatment with 1 % (w\v) NP40 and\or 20 mM dithiothreitol (DTT) in 10 mM Tris-HCl (pH 9) as described (Cudmore et al., 1996) .
Indirect immunofluorescent staining. Virus particles or cores bound to fibronectin-coated coverslips or cells were fixed in PBS containing 4 % (w\v) paraformaldehyde (PFA) for 20 min on ice and 40 min at 20 mC. Immunofluorescent staining (incubation and washes) of fixed samples was performed in PBS containing 10 % (v\v) HFBS (PBSF). When permeabilization was required after fixation, the staining was performed in PBSF containing 0n1% (w\v) saponin (Sigma). The samples were incubated at 37 mC for 45 min with α-D8L (diluted 1\300), biotinylated α-D8L (diluted 1\100), α-B5R (diluted 1\16) or rabbit α-core serum (diluted 1\1000) as primary antibody. After three washes, the samples were incubated at 37 mC for 30 min with fluorescein isothiocyanate (FITC)-conjugated F(abh) # goat anti-mouse IgG (FITC-GAM) (8 µg\ml ; Sigma), rhodamine-conjugated streptavidin (Rd-Strep) (3n3 µg\ml ; Serotec), FITC (10 µg\ml ; Serotec) or R-phycoerythrin (PE) (10 µg\ml ; Serotec)-conjugated F(abh) # rabbit anti-rat IgG (FITC-RAR, PE-RAR), FITC (6 µg\ml ; Sigma) or Rd (10 µg\ml ; ICN)-conjugated goat IgG anti-rabbit IgG (FITC-GARb, Rd-GARb) as secondary conjugates. Samples were mounted in Mowiol mounting medium containing 1 µg\ml of 4h,6,-diamidino-2-phenylindole (DAPI) as described .
Virus binding assay. Virus binding was quantified using indirect immunofluorescent staining and confocal microscopy as described . When cells were inoculated on ice with purified IMV or fresh EEV, IMV or EEV virions were revealed by indirect immunofluorescent staining with α-D8L or α-B5R, respectively.
Staining of the cell plasma membrane. The plasma membrane was stained with FITC-labelled wheat germ agglutinin (FITC-WGA) (5 µg\ml ; Vector) in PBSF for 20 min on ice. After extensive washing with PBSF and a final wash with PBS the cells were fixed as described above.
Staining of lysosomes. Lysosomes were visualized by labelling cells for 24 h with lysine PFA-fixable Rd-conjugated dextran (Rd- Vaccinia virus entry Vaccinia virus entry dextran) (final concentration of 100 µg\ml ; Molecular Probes). After extensive washing with PBSF, the cells were overlaid with normal culture medium and incubated for 6 h.
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Confocal microscopy analysis. Confocal microscopy analysis were performed as described previously . Optical sections perpendicular to the z-axis were performed every 0n6 µm throughout the sample. Except where otherwise stated, the confocal pictures were reconstructed by projection of sections.
Statistical analysis. Student's t-test was used to test for the significance of the results (P 0n05).
Results

Weak bases and cytochalasin D affect EEV but not IMV infectivity
The weak bases chloroquine and ammonium chloride affect the entry of viruses dependent on a low-pH pathway by preventing pH reduction in endosomes and phagosomes (Marsh, 1984) . Cytochalasin D disrupts microfilaments and therefore inhibits the entry of viruses which rely on an actindependent process. As virus internalization into vesicles requires actin (Durrbach et al., 1996) , the entry of viruses dependent on a low-pH pathway is also inhibited by cytochalasin D. To determine if EEV entry relies on a low-pH pathway, the effect of these drugs on plaque formation by fresh EEV (with or without addition of MAb 5B4\2F2, Fig. 1 b, c, respectively) was investigated. Concurrently, as a control, the drugs were also tested on purified IMV (Fig. 1 a) .
Under the conditions used, chloroquine, ammonium chloride and cytochalasin D reduced EEV plaque formation by 65 %, Fig. 1 . Effects of weak bases and cytochalasin D on IMV and EEV infectivity. Confluent RK 13 cells (grown in six-well cluster dishes) were preincubated with MEM-2 % HFBS (open bars) or the same containing chloroquine (0n1 mM) (hatched bars) or ammonium chloride (20 mM) (grey bars) or cytochalasin D (10 µg/ml) (black bars) for 1 h at 37 mC. The cells were then infected for 1 h at 37 mC (0n5 ml per well, between 150-250 p.f.u. per well) with purified IMV (a) or fresh EEV diluted in preincubation media. Fresh EEV was tested in the presence (b) (fresh EEV) or absence (c) (fresh EEV without MAb 5B4/2F2) of a neutralizing concentration of MAb 5B4/2F2. The cells were then washed and incubated for 3 h at 37 mC with preincubation media. After being washed extensively with MEM-2 % HFBS, the cells were overlaid with MEM containing 2n5% HFBS and 1n5 % carboxymethylcellulose (CMC). Two days later, cells were stained with 0n1 % crystal violet in 15 % ethanol before plaques were counted. Each value represents the meanpSD for triplicate measurements. The horizontal line in (c) represents the mean infectivity neutralizable by MAb 5B4/2F2. 71 % and 33 %, respectively (Fig. 1, fresh EEV) . A comparable reduction in plaque number was observed using fresh EEV without addition of MAb 5B4\2F2 (Fig. 1, compare b and c) . These results indicate that the inhibition of plaque formation by fresh EEV is not due to a deleterious effect of the drugs on the EEV outer membrane and consequent neutralization of damaged EEV by MAb 5B4\2F2. In contrast to EEV, none of the drugs tested affected IMV infectivity significantly (Fig. 1 a) , indicating that the effect observed on EEV plaque formation was not due to drug toxicity on the cells.
The rabbit α-core serum detects fixed and permeabilized cores but not fixed and permeabilized IMV or EEV particles
The results of the infectivity assays (Fig. 1) suggested that the entry of EEV, in contrast to IMV, requires a low-pH pathway. However, direct evidence of the effect of the drugs on EEV entry, rather than infectivity, is required to confirm this conclusion. Confocal microscopy was recently used to study VV binding without using purified virus preparations ( , and so this technique was adapted to study penetration. We searched for an immunofluorescent staining method that would detect uncoated cores (virus having entered the cell) but not intact virions (virions still bound onto the cell surface or internalized).
Candidate antibodies were screened by immunofluorescent staining of purified IMV particles and purified isolated cores, all samples having been first fixed and then permeabilized (see 8 physical particles/ml in PBS) (a, e, i, m) , cores isolated by treatment with NP40 (b, f, j, n) , DDT (c, g, k, o), or NP40 and DDT (d, h, l, p) (approximately 10 8 cores/ml in PBS) were incubated for 30 min at 37 mC on the surface of glass coverslips coated with fibronectin. After being washed with PBS, virions or cores adsorbed to fibronectin were treated as described in Methods for indirect immunofluorescent staining of fixed and permeabilized samples. α-D8L (e-h) and rabbit α-core (m-p) were used as primary antibodies and were revealed by FITC-GAM and FITC-GARb secondary antibodies, respectively. Samples were examined by fluorescent microscopy (magnification i1000 ; Axioplan microscope, Zeiss). Panel pairs (aje, bjf, cjg, djh, ijm, jjn, kjo, ljp) represent the same field examined for DAPI and FITC fluorescent emissions, respectively. Bar, 2 µm. Fig. 2 for details) . Suitable results were obtained with a rabbit serum raised against virus cores which was able to reveal cores irrespective of their isolation procedure (Fig.  2 n-p) . In contrast, IMV particles were not stained (Fig. 2 m) . It is likely that fixed and permeabilized IMV was not stained due to the formation of a lattice around the core by cross-linking of IMV membrane proteins during fixation. This lattice may prevent access of antibodies to core epitopes despite further permeabilization. This explanation is supported by the fact that IMV particles that were fixed and permeabilized simultaneously by incubation with methanol-ethanol (1 : 1, v\v; 5 min at k20 mC) were stained by the α-core serum (data not shown). In the experiment shown in Fig. 2 , α-D8L was used as a positive control for staining of IMV particles (e). The cores isolated after treatment with NP40 or DTT alone were easily detected by α-D8L (Fig. 2 f, g ), while cores isolated by NP40 and DTT treatment were stained more weakly (Fig. 2 h) .
Methods and
Next we determined if the α-core serum could detect cores formed naturally during virus entry into cells, as well as artificially isolated cores. Purified IMV virions were bound to cells at 4 mC, and after a short incubation at 4 or 37 mC, cells were fixed, permeabilized and stained with α-D8L and α-core serum (Fig. 3) . Staining with α-D8L revealed the presence of virions on the surface of cells which had been incubated at either temperature. But α-core serum identified structures only when virus entry was allowed (37 mC) (compare b and e). The merged image ( f ) demonstrated the core-positive structures did not stain with α-D8L. The experiment shown in Fig. 3 was reproduced using fresh EEV as inoculum, and led to identical conclusions (data not shown).
Anti-core positive structures are intracellular but not within lysosomes
The α-core serum detected cores only when virus entry was allowed (Fig. 3) , suggesting that these structures represented intracellular cores resulting from virus entry. However, before using this approach as a way to quantify virus entry, it was necessary to demonstrate that the α-core positive structures were intracellular and did not represent non-infectious virions being degraded within lysosomes.
Optical sections through cells treated to visualize the plasma membrane and the cores revealed that α-core positive structures were either co-localizing with the plasma membrane or were internal of it (Fig. 4 f ) . In contrast, staining with α-D8L revealed virions only co-localizing with the plasma membrane (Fig. 4 c) . To determine if the α-core-positive structures colocalizing with the plasma membrane were intracellular or on the cell surface, VV-infected cells were fixed, but not permeabilized, before staining (Fig. 4 g-l ) . No α-core-positive structures were detected without permeabilization (Fig. 4 k) indicating that cores were exclusively intracellular. A control experiment showed that the α-core serum stained fixed (but not permeabilized) isolated cores (data not shown). The experiment presented in Fig. 4 was reproduced using fresh EEV as inoculum and led to identical conclusions (data not shown).
To exclude the possibility that α-core-positive structures represented virus being degraded in lysosomes rather than uncoated cores resulting from virus entry, lysosomes and α-core-positive structures were visualized simultaneously (Fig.  5) . Examination of z-series of 20 cells, representing a total of 297 α-core-positive structures, revealed that 288 (97 %) of them were clearly not co-localized with lysosomes while 9 colocalized with or were too close to lysosomes to be optically resolved by the technique used. This experiment was also reproduced using fresh EEV as inoculum and led to a similar 
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Rd-dextran Merge α-Core Fig. 5 . Virus cores are not in lysosomes. Subconfluent RK 13 cells were labelled with Rd-dextran as described in Methods, infected on ice with purified IMV (30 p.f.u. per cell), washed with ice-cold PBS, and incubated for 30 min at 37 mC. Cells were washed with ice-cold PBS and treated as described in Methods for indirect immunofluorescent staining after fixation and permeabilization. Rabbit α-core serum was used as primary antibody and was revealed by FITC-GARb. All three panels analyse the same cell. Panels (a) and (b) are analyses for Rd and FITC fluorescent emissions, respectively. In panel (c), Rd and FITC signals are merged. Bar, 3 µm.
conclusion : 94 % (n l 250) of α-core-positive structures were clearly not coincident with lysosomes.
Weak bases affect EEV but not IMV entry, while cytochalasin D affects both
The ability to see individual intracellular cores by immunofluorescence provided a simple way to quantify virus entry and to investigate its inhibition by chemicals. Using this assay, the kinetics of IMV and EEV entry in the absence or presence of weak bases or cytochalasin D was investigated (Fig. 6) . Concurrently, we controlled for any deleterious effects of these drugs on virus binding using the virus binding assay that we developed recently (see Methods).
Ammonium chloride, chloroquine and cytochalasin D did not significantly affect IMV or EEV binding to RK "$ cells (data not shown). After 1 h inoculation on ice, similar numbers of IMV and EEV were detected on the surface of cells infected in the presence or absence of the drugs. Control cells inoculated with purified IMV (10 p.f.u. per cell) and fresh EEV (3n5 p.f.u. per cell) presented meanspSD of 12n6p0n45 IMV and 13n48p0n55 EEV virions bound on their surface, respectively (n l 200 cells, meanpSD for triplicate measurements). These numbers are consistent with our previous findings . These data enabled the proportion permeabilized (a-f ) or fixed (g-l ). After washing with PBS, samples were treated for single indirect immunofluorescent staining as described in Methods. Biotinylated α-D8L (b and h) or rabbit α-core (e and k) were used as primary antibodies and were revealed by Rd-Strep and Rd-GARb, respectively. The pictures represent single optical sections perpendicular to the z-axis. Sets of three horizontal panels represent analyses of the same cell. Panels of virus particles bound to the cells that gave rise to a plaque to be determined. For IMV, 79 % (10\12n6) of particles that bound formed a plaque while for EEV only 26 % did so (3n5\13n48). However, after taking into account the greater efficiency of EEV binding , these data confirm the higher specific infectivity of EEV compared to IMV.
The kinetics of IMV and EEV entry were measured up to only 1 h p.i. because at later times cores became clustered in the perinuclear region and could not be accurately quantified. Consequently, the total number of virus particles able to enter cells could not be determined. Fig. 6 shows that IMV and EEV enter cells with different kinetics. Whereas the number of cores deriving from IMV entry increased with linear progression (Y l 4n182j1n682iX ; X l time in min, Y l number of core, R# l 0n985) and had not plateaued by 1 h p.i., the number of cores deriving from EEV entry had plateaued by 20 min and reached 83 % and 96 % of the level at 1 h p.i. by 20 and 40 min, respectively (b). The number of cores derived from IMV entry was reduced by 90 % by MAb 5B4\2F2, demonstrating this antibody blocks IMV entry (Fig. 6 a) .
The weak bases chloroquine or ammonium chloride affected EEV and IMV entry differently : whereas the number of cores deriving from IMV entry was unaltered by these drugs (Fig.  6 a) , cores resulting from EEV entry were reduced by 71 % and . Effect of weak bases and cytochalasin D on IMV and EEV entry. Confluent RK 13 cells were grown on glass coverslips and were preincubated with MEM-2 % HFBS (#) or the same containing ammonium chloride (20 mM) ($) or chloroquine (0n1 mM) ( ) or cytochalasin D (10 µg/ml) () for 1 h at 37 mC. The cells were infected for 1 h on ice with purified IMV (10 p.f.u. per cell) (a) or fresh EEV (3n5 p.f.u. per cell) (b) diluted in the same preincubation medium. In panel (a) # ---# represents cells that were treated without drugs and infected with IMV containing a neutralizing concentration of MAb 5B4/2F2. Cells were washed and incubated at 37 mC with preincubation medium for the indicated time, then washed with cold PBS and treated as described in the text to reveal intracellular cores by indirect immunofluorescent staining. The numbers of cores in 200 randomly selected cells were then determined by confocal microscopy. Data are expressed as percentages of the number of cores at time 60 min (T60) for the control and are the meanspSDs for triplicate measurements. For T60, control cells infected with purified IMV and fresh EEV, means of 1482 and 732 cores were observed, respectively. Fig. 7 . Effect of low pH on IMV and EEV infectivity, and EEV outer membrane integrity. Purified IMV (a) or fresh EEV (b) without addition of MAb 5B4/2F2 were diluted in PBS pH 7 and then reduced to pH 6 ($) at 37 mC by addition (1 : 1, v/v) of PBS containing HCl. At the indicated time, the pH was returned to 7 by addition (1 : 1 : 1, by vol.) of PBS containing NaOH, and samples were stored on ice until 5 min. For neutral control (#) acidic and alkaline PBS were mixed together before addition to the virus preparations at time 0. At 5 min, the samples were divided into two, and a neutralizing concentration of MAb 5B4/2F2 was added to one half (dotted lines). After 30 min on ice, samples were titrated on RK 13 cells. The data presented are the meanspSDs for triplicate measurements.
81 %, respectively (b, time 60 min). This indicated that EEV but not IMV enters by a low-pH-dependent pathway. Interestingly, cytochalasin D inhibited both IMV and EEV entry by 81 % and 82 %, respectively (Fig. 6) . The ability of cytochalasin D to inhibit IMV entry (Fig. 6) but not IMV infectivity as determined by plaque assay (Fig. 1) probably reflects the different nature of the assays. The entry assay had the drug present throughout, whereas the plaque assay has the drug present only for a few hours and is then washed out. If the drug affected the rate of entry of IMV or EEV differently, or had differential effects on the stability of IMV or EEV bound to cells, it might reduce plaque numbers by one virus but not the other. Collectively, these data are consistent with EEV entering by endocytosis.
IIE
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Low-pH incubation induces the disruption of the EEV outer membrane Ichihashi (1996) suggested that the low-pH dependence of EEV entry reflected the low-pH-induced disruption of the EEV outer membrane and exposure of the activated IMV inside the internalized vesicle. If this is true, exposure of intact EEV (which is resistant to MAb 5B4\2F2) to low pH should render it neutralizable by MAb 5B4\2F2. This was tested by incubating IMV and EEV virions at pH 6 and then measuring infectivities and EEV outer membrane integrity (Fig. 7) . The latter was investigated by measuring the proportion of infectivity resistant to MAb 5B4\2F2 before and after incubation at low pH.
Short incubation at pH 6 had no deleterious effect on IMV or EEV infectivity and even slightly increased IMV infectivity for unknown reasons (Fig. 7, time 1 and 2n5 min) . However, incubation at pH 6 for 5 min reduced the infectivity of the EEV preparation by 18 % (Fig. 7 b) . Incubation of fresh EEV (without addition of MAb 5B4\2F2) for 1 min at pH 6 reduced the proportion of its infectivity resistant to neutralization by MAb 5B4\2F2 from 67 % (neutral control) to 34 %, indicating that this treatment induced the disruption of the EEV outer membrane of 51 % of the intact EEV. Longer exposure to pH 6 eventually reduced the fraction of infectivity resistant to neutralization by MAb 5B4\2F2 to approximately 20 % (Fig.  7 b) .
Low-pH-induced fusion of fresh EEV and purified damaged EEV
IMV wrapped in the EEV membrane, in contrast to most purified IMV, exhibits a low-pH fusogenic activity (Ichihashi, 1996) . As this conclusion was based on plaque assay results rather then direct evidence of virus entry, we investigated the fusion of fresh EEV, purified EEV and purified IMV with the plasma membrane in response to a low-pH incubation by the appearance of cores within the cell (Fig. 8) .
Reduction of the pH significantly increased the entry of the three virus preparations tested, but to different degrees (Fig. 8) . The greatest enhancement was observed with fresh EEV and purified EEV which showed similar enhancement, indicating that the integrity of the EEV outer membrane was not required for low-pH-enhanced entry of EEV particles. For example, when cells were infected with fresh EEV and incubated for 2n5 min at pH 6, the number of cores was equivalent to 51 % of the number in cells incubated for 60 min at pH 7 ; in comparison, cells incubated for 2n5 min at pH 7 contained only 1 % of this value (Fig. 8, fresh EEV) . The entry of purified IMV was also enhanced by low pH, but significantly less than for fresh EEV and purified EEV. For example, the number of cores observed after incubation for 2n5 min at pH 6 was equivalent to 11 % of the number in cells incubated for 60 min at pH 7, whereas cells incubated for 2n5 min at pH 7 contained only 3 % of this value (Fig. 8, IMV) . The possibility that low pH might Fig. 8 . Low pH-induced fusion of EEV and IMV. Confluent RK 13 cells were grown on coverslips and were infected on ice with fresh EEV (2n8 p.f.u. per cell) or purified EEV (10 p.f.u. per cell) or purified IMV (10 p.f.u. per cell) in PBS containing 2 % HFBS. After washing with ice-cold PBS, the cells were incubated for 2n5 min at 37 mC in PBS pH 7 (neutral) or pH 6, or were incubated for 60 min at 37 mC in PBS pH 7 (T60). The cells were then washed with ice-cold PBS pH 7 and were treated as described above to reveal intracellular cores by indirect immunofluorescent staining. The numbers of cores in 200 randomly selected cells were then determined by confocal microscopy. Data are expressed as percentages of cores detected at T60 and are the meanspSDs for triplicate measurements. Cells infected with fresh EEV, purified EEV or purified IMV had mean values at T60 of 638, 1974 and 1532 cores, respectively. have induced the uncoating of IMV on the cell surface was excluded by staining low-pH-treated cells, which had bound IMV, and observing that cores were not visible without permeabilization, indicating they were exclusively intracellular (data not shown).
Discussion
VV produces two infectious forms of virions which have different structures and different surface proteins. These differences provide IMV and EEV with specific biological properties that are adapted to their different roles in VV pathogenesis. Recently, we demonstrated that the two forms bind to different cellular receptors . In this study, we demonstrate that IMV and EEV enter cells by different mechanisms in a low-pH-independent and -dependent manner, respectively. Together with the observations that exposure to low pH induces the rupture of the EEV outer membrane and that IMV contained within EEV exhibits a low-pH fusogenic activity, this study strongly supports the recent model proposed for EEV entry by Ichihashi (1996) .
IMV entry is independent of a low-pH pathway as shown by its resistance to weak bases (Fig. 6 ). This conclusion is consistent with previous studies (Janeczko et al., 1987 ; Doms et al., 1990) . Interestingly, we showed that cytochalasin D was able to inhibit the entry of IMV. Similarly, Payne & Norrby (1978) showed that cytochalasin B inhibited IMV entry. Taken together, these data suggested that IMV enter the cell in a pH-IIF independent manner which nevertheless requires actin microfilaments. During investigations on IMV entry by electron microscopy, we frequently observed partial zippering of the plasma membrane around the IMV particles (data not shown). This actin-dependent process (Swanson & Baer, 1995) may enhance fusion by increasing the area of interaction between the IMV envelope and the cell membrane.
Entry of intact EEV, in contrast to IMV, is via a low-pH pathway (Fig. 6) . The low-pH-dependent entry of some enveloped viruses, such as influenza virus, is explained by the low-pH-induced conformational changes in virus proteins which conferred their fusogenic activity (Skehel et al., 1982) . The mechanism proposed by Ichihashi for EEV entry implies another type of low-pH-dependence, namely the disruption of the EEV outer membrane, and consequent exposure of the IMV. In agreement with this model, we have shown that exposure to low pH disrupts the EEV outer membrane (Fig. 7) . Purification of EEV induces the rupture of the EEV outer membrane (Ichihashi, 1996 ; which may explain why Doms et al. (1990) did not observe an affect of weak bases on the entry of purified EEV (using the same drugs and concentrations that we used in the present study).
The rupture of the EEV outer membrane at low pH is also relevant to polykaryon formation by VV-infected cells after brief exposure to pH 6 (Gong et al., 1990) . This phenomenon, known as fusion from within, is mediated by the 14 kDa IMV membrane protein. However, mutant viruses which formed IMV but not EEV were incapable of inducing fusion from within (Blasco & Moss, 1991 ; Wolffe et al., 1993) , indicating that the presence of viral particles on the cell surface (EEV or CEV) or specific EEV proteins maybe required (Wolffe et al., 1997) . Taken together, these data suggested that the outer membrane of enveloped particles on the cell surface has to be disrupted by exposure to low pH in order to expose the 14 kDa IMV protein which mediates fusion.
The IMV enwrapped in the EEV, and to a lesser extent IMV purified from cells, exhibited a low-pH fusogenic activity (Fig.  8) . In relation to the proposed model for EEV entry, this feature will enhance the fusion of IMV after the low-pH-induced rupture of the EEV outer membrane. The differences observed between IMV derived from purified EEV and IMV purified from the cells indicate the existence of different populations of IMV having distinct features. Ichihashi suggested that the lowpH fusogenic activity of some IMV is the consequence of proteolytic cleavage of IMV proteins as he demonstrated that the low-pH fusogenic activity can be conferred on purified IMV by trypsin treatment (Ichihashi & Oie, 1982 ; Ichihashi, 1996) . The selective presence of IMV exhibiting a low-pH fusogenic activity inside the EEV could be explained by two hypothesis. First, it is possible that only IMV exhibiting this phenotype can undergo enwrapping. Second, it is possible that the phenotype is conferred by post-wrapping processes mediated by the EEV outer envelope.
Based on Ichihashi's model for EEV entry and our findings, the EEV outer membrane has two important roles. First, it protects the internal IMV from immune aggression and second it mediates the binding of the virus onto the cell surface. It may appear paradoxical that a structure as physically fragile as the EEV outer membrane may have a protective role. However, the protection of IMV by the EEV outer membrane in vivo is against the immune system (antibody neutralization and complement toxicity) rather than against physical stresses. In this regard, the EEV outer membrane seems particularly well adapted, and EEV, but not IMV, is resistant to neutralization by antibodies (Ichihashi, 1996 ; and complement toxicity (A. Vanderplasschen and others, unpublished data) . The second role of the EEV outer membrane is to mediate the binding of the virus onto the cell surface. There are as yet no data indicating which of the EEV proteins are required for virus attachment ; however, the infectivity of EEV deleted for the A34R gene product has reduced infectivity implicating this protein in either binding or a subsequent event (McIntosh & Smith, 1996) . It is noteworthy that the three protein superfamilies to which the haemagglutinin gp86 (A56R), gp22-24 (A34R) and gp42 (B5R) EEV proteins belong (immunoglobulin superfamily, C-type lectin and complement control proteins, respectively) are all characterized by molecules which mediate interactions between cells or between soluble molecules and cells. Possibly, VV and other orthopoxviruses have acquired such proteins during evolution to allow the virus to bind to a broad range of surface molecules and so give the virus a wide tropism.
In conclusion, we have described a novel method to investigate VV entry which does not require virus purification. The data presented demonstrate that IMV and EEV enter cells by different mechanisms and support the model proposed by Ichihashi (1996) for EEV entry. This model resolves the topological problem associated with EEV entry and defines specialized functions for the EEV outer membrane.
